For laser doppler velocimetry studies employing sapphire windows as optical access ports, the birefringency of sapphire produces an extra beam intersection volume which serves to effectively smear the acquired velocity flow field data. It is shown that for a cylindrical window geometry, the extra beam intersection volume may be eliminated with minimal. decrease in the frin~e visibility of the remaining intersection volume by suitably orienting the polarizations of the initial laser beams. For horizontally incident beams, these polarizations were measured at three intersection locations within the cylinder. It was found that the measured polarization angles agreed with the theoretical predictions.
Introduction
In the past, LOV measurements on motored pistons employing a full 360· optical access cylindrical chamber have been confined to nonfiring configura ... , ' t h ' l ' 1 1-2 f d '1 ' 3 l' d F th tlons uSlng ln p eXlg ass or use Sl lcon cy ln ers. or ese situations,· the optics of the laser beams passing through the cylinder is relatively straightforward. However, such materials are prone to scratching due to the motion of the piston ring against the cylinder wall. For firing configurations, thin plexiglass and quartz cylinders do not suffice since they cannot withstand the pressures and temperatures associated with combustion. These mechanical problems are largely overcome by employing a sapphire cylin~ der. 4 -5 It has been determined that although a thin sapphire cylinder may not withstand the pressures associated with combustion 5 , a relatively thick sapphire cylinder would be able to withstand the thermal stresses produced if the cylinder is only intermittently fired.
However, in spite of its potential mechanical convenience, sapphire is.an optically complicated material since it possesses a small degree of birefringence. If a l~ser beam is passed through the wall of a sapphire cylinder, at the surface of the sapphire the refracted ray breaks into two components, the ordinary and extraordinary rays. These two rays propagate in different directions within and beyond the cylinder wall. Applying this to LOV studies, if two converging laser beams pass through the sapphire cylinder before their intersection point, the birefringence produces two distinct intersection volumes possessing interference fringes. One is due to the intersection of the two ordinary rays and the other is due to the intersection of the two extraord i nary rays. These intersect ion vo 1 urnes are, separated by up to 114\Jm per inch thickness of the sapphire cylinder. Since the diameters of the intersection volumes are typically of the order of 25\Jm, this results in a smeared sampling of the flow pattern. If both fringe volumes are used for flow measurement) any measured flow velocity is a weighted average of the flow velocities in the two measurement volumes. On the other hand, for a thick cylinder with the fringe volumes far enough apart, it is likely that the LDV photodetector system is finely enough tuned so that it might only registet' one of the two fringe volumes. Since each intersection volume contains only a fraction of the incident laser power, the counting rate ~esulting from registering only one of the intersect i on volumes cou 1 d be very low. If the bi refri ngence of the sapphire cylinder could be effectively negated, and a single fringe volume produced, one would be guaranteed of obtainirgmaximally efficient counting rates. An examination of the birefringency of sapphire shows that such an effective negating is possible to obtain.
Sapphire possesses a single optic axis and the ordinary and extraordinary rays within the sapphire are each linearly polarized. The polarization rotations experienced by the ordinary. and extraordinary rays within the material are determined by the direction of the propagation of the incident light, the direction of the optic axis, the direction of the normal to the window surfaces and, are independent of the polarization of the incident light. Thus, it is poss i b 1 e to ori ent the pol ari zati on of an inc i dent laser beam so that within the sapphire its polarizatioh direction is indentical to the polarization direction of either the ordinary ray or the extraordinary ray. For such a matching of initial conditions,the light transmitted into the sapphire will have 100 percent of its amplitude fed into one of the two .modes and a percent of its amplitude fed into the other of the two modes. Although both modes of propagation within the sapphire are mathematically and physically allowed, the initiiil conditions are arranged so that only one of them occurs. This arrangement of initial polarizations produces a single fringe volume. Due to the requirement of matching the initial conditions at the outer surface of the window, the two converging electric fields will not be parallel at the intersection volume. This produces a contrast loss in the interference pattern at the intersection volume again resulting in decreased counting rates. It is the purpose of this communication to demonstrate that there exist particular optical alignments which cause this contrast loss to be virtually zero at the same time that the problem of cylinder birefringence is circumvented. This means that in many situations, it is more advantageous to go through the effort of suitably orienting the input optics and the cylinder in order to eliminate one of the fringe volumes than it is to just ignore the birefringence and measure either the smeared flow field or the flow field in only one of the fringe volumes. If the birefringence is ignored, the counting rates will certainly be lower, but if the birefringence is compensated for, the decrease in counting rate can be made negligible. As a result, our claim is that sapphire is a viable material from which to machine optical access windows for high temperature LDV studies. Its good mechanical properties may be enjoyed at the same time that its optical complications may be largely overcome. In order to make it convenient for other investigators to adapt our formulation to their own cylinder geometries, a relatively complete presentation of the calculation details is included in this communication.
Cylindrical Window Geometry
We consider a single crystal of sapphire which has been machined to form a hollow right circular cylinder of outer radius r and of wall thickness a. For purposes of analysis, the cylinder is oriented so that its axis of symmetry is ,.. along the Z axis of a reference coordinate system and its optic axis N makes an angle e with the Z axis and its projection onto the XY plane makes an angle ~ with the X axis. The laser beams are incident upon the cylinder with their bisector parallel to the X axis and with the beams making angles of convergence n with the centerline. This geometry is shown for horizontally incident beams in Fig. 1a and for vertically incident beams in Fig. lb. A light ray passing through such a cylinder has its initial refraction (i) at the exterior surface of the cylinder and its final· refraction (f) at the interior surface of the cylinder. At the initial refraction, the inward normal A to the cylinder surface is n., the in~ident light propagation direction is I\. , ,.. and tm directions before the initial interface are denoted by teiand tmi, and ~ " the angle that the initial field Ei mak,es with the tel' axis isai' This geometry is indicated in Fig. 2 .After the first interface, the te and tm A A teo and tmo, and the angl e that the transmitted directions are denoted by ~ A fi e 1 d E makes with teo is a. Before the second i nterf ace, the te and tm
directions are denoted by teh and tmh, and the angle that Eo makes with teh is a~. After the second interface, the te and tm directions are denoted by
. " " tef and tmf, and the angle that the final field E f makes with tef is af. 6 The components of an incident electric field normalized to unit magnitude may be written as where the polarization angle of the transmitted field, a o is given by
Our goal is to have Eo be along the direction of D ord or D ext in order to insure that 100 percent of the transmitted amplitude is in the desired mode and that a percent of the transmitted amplitude is in the other mode. To 
,..,.. is the unit vector in the direction of the final electric field. At a point within the intersection volume of beams 1 and 2, the total electric field is then (2.23) where the e ii factor describes the positionally dependent relative phases of the two intersecting electric fields.
Then the total intensity is
The fringe visibility is defined by v = I ",*", -I Wli~ En and Ef2 not being parallel. This is the factor of in~rest in "';he analysis of birefringent window~ Since we"chose to allign Eo 1 a~ Eo 2 to b~ along the directions of D ord , 1 and D ord , 2 or to be along Dext, 1 and D t 2 in order to e 1 1mi nate one of the propagat i on modes and its corex , ~ -=JI respond i ng second LDV measurement volume, En and Ef2 will in genera 1 not be para 11 e 1. Thi s resu lts in I U'fl' ~f21 < 1 and losses in contrast beyond those described by the first factor of Eq. (2.26).
Ray Tracing for Horizontally and Vertically Incident Beams
In the previous section it was seen that both the initial beam polarizations and the fringe contrast in the intersection volume depend on the geome~ try of the laser beams outside the cylinder 'and within the cylinder cavity.
However, for each location of the beam intersection within the cylinder thi.s geometry changes. Thus, it is necessary to p~rfQrm a ray tracing calculation for the laser beams in order to determine this dependence of the beam geometry on the location of the beam intersection.
In this section such a ray tracing calculation is carried o~t for a particular example of a cylinder-optical system configuration. We assume that the cyl i nder is fi xed in space in an upri ght position and that the ent ire and their resulting intersection point is taken to be located at the origin of the fixed coordinate system described in Section 2 and shown in Fig. 1 . The cylinder is then placed so that its symmetry axis is coincident with the Z axis. After the insertion of the cylinder, the horizontally incident beams continue to intersect at the origin, while vertically incident beams now have their intersection point shifted to a location on the negative X axis. This is a result of the cylinder acting as an astigmatic lens for the incident beams 8 .
As mentioned before, in this specific example the laser velocimeter plus
final lens system is mounted on a movable The first beam geometry considered is that of two converging laser beams in the horizontal plane with their centerline parallel to the X axis as is shown in Fig. la . Beam 1 ;s incident from the left and beam 2 is incident from the right as seen from above. Let Sj be the angle between the X axis and a cylinder radius which passes through the outer diameter of the cylinder as shown in Fig. 3 . Then (3.2) where the upper sign is associated wHh j = 1, the left incident ray, and the lower sign is associated with j = 2, the right incident ray. The index lIill means incident at the initial interface as shown in Fig. 2 . The second beam geometry considered is that of two converging laser beams in a plane parallel to the XZ plane as is shown in Fig. lb . Beam 1 is incident from above and beam 2 is incident frolJl below. If viewed from above as in Fig. 4 , the angle 5 i is the angle that the interseCtion of the laser beam and the outer surface of the cylinder makes with respect to the X axis. A geometric difficulty is encountered in this case which was not present in the 1\ .
case of the two hori zonta 1 beams. Although k. is ina plane para 11 e 1 to the 1\ J XZ plane, the refracted ray ko within the sapphire is not in this same plane, but acquires a small Y component due to the refraction. The plane of incidence for the initial refraction is not the same as the plane of incidence for the final refraction.
Due to this complication, the simplest way to view the refraction of the vertically incident beams is to consider the geometry in two orthoginal views. ,.. ,..
First we consider k,. and k as seen from above in Fig. 4a . Second we con-" " 0 sider k. and ko as seen from the directions perpendicular to the vertical 1 A , . . . planes which c~ntain k; and ko respectively as is shown in Fig. 4b (3.14) and sin no = (3.15) where again Y; is the angle of incidence at the i·nitial interface from Eq. 
Polarizations for the Horizont~lly and Vertically Incident Beams
In order to have the horizontally incident beams of Fig. la propagate solely in the extraordinary mode, we require from Eqs.· (2.11 -2.12) that In order to have the vertically incident beams of Fig. 1b propagate solely in the ordinary mode, we require from Eqs. The optic axis of this cylinder has been previously measured to be at The laser beams were measured to nave a convergence angle relative to the beam bisector of n = 6.37° (5.6) In order to test the polarization predictions of Sections 2-4, the sapphire cylinder was rotated to the ¢J = 0° orientation. This was done both because 0 = 0° is interferometrically simple to locate 9 and because a' l of rotation of the polarization rotator dial, the actual polarization of the laser light was changed by 2°. Since the polarization rotator dial could not be read to any more accurate than 1°, this produced an additional +1 0 uncertainty in the measured polarization angle. Taking these uncertainties into account, it is seen in Fig. 5 that four of the five data points agree with the theoretical predictions to within the experimental uncertainties.
Wi th the intent of perform; n9 future simultaneous two-component LOV measurements employing such a sapphire cylinder, the initial polarizations required to propagate vertically incident laser beams solely in the ordinary mode and the associated fringe visibility were calculated for the parameters of Eqs.
(5.1 -5.4, 5.6) and as a function Of~ for; = 0 and appear in Figs. 7 and 6 respectively. Again it is calculated that the fringe visibility should be well over 99 percent. It should finally be noted that if the other alternative were attempted, i.e., causing the horizontally incident beams to propagate solely in the ordinary mode and the vertically incident beams to propagate solely in the extraordinary mode, the resulting fringe visibility would be lower, about 94 percent.
Discussion
In the introduction it was mentioned that for firing configurations for motored pistons, the mechanical and thermal difficulties encountered could be overcome by employing a sapphire cylinder. However, the sapphire introduced optical complications, which as we have seen in this communication, may also be overcome. T~e ~ = 0° orientation of the cylinder was examined in Section 5 for two reasons. Firstly, this orientation is interferometrically simple to obtain. Secondly, it predicts a large variation of initial polarizations and' this large variation is easy to observe and permits a relatively straightforward experimental testing of the polarization formulas. For actual LDV applications, it may well be more convenient to employ the ¢J = 90° configuration. This orientation is also interferometrically simple to obtain and as is seen in Figure 8 the polarization angles ail and a i 2 vary minimally as the location of the beam intersection is changed. Thus for 0 = 90° the polarization angles may be set at some average value at the outset, and measurements with these angles may be made with high fringe visibility at any location within the cylinder.
Lastly, if e is considered as a free parameter, calculations based on Eqs.
(4.1 -4.11) show that the largest fringe visibilities over the greatest ranges of ~ and ~ occur when e = 0°. Thus, it is most advantageous for dual beam laser velocimetry applications to machine the sapphire cylinder so that is optic axis is as close as possible to being along its axis of symmetry. 
